The field of high atomic number nanoparticle radiosensitising agents is reviewed. After a brief discussion of the new mode of physicochemical action implied by irradiation of high atomic number nanoparticles embedded in biological systems, a series of exemplars are discussed.
Introduction
An interdisciplinary approach to the development of future therapeutics has helped fuel the nanoscale revolution of the past decade. This has led to the production of a multiple of nanoparticle preparations for the treatment of a variety of pathological conditions ranging from novel scaffolds for tissue engineering, to new HIV therapeutics and perhaps most commonly for the development of new anti-cancer agents (1) (2) (3) (4) . This review specifically details various nanoparticle preparations that have been created to augment the efficacy of current radiotherapy treatment plans.
By far the most common radiosensitising approach is to exploit the increased photon absorption of high atomic number (Z) materials at kilovoltage (kVp) photon energies (5) . Adopting this approach, therapeutic nanoparticles have been produced using silver (Z=47), gadolinium (Z=64) and most extensively gold (Z=79). In addition to the high atomic number of these materials, the unique physicochemical properties of these nanomaterials permit relatively simplistic functionalisation through the binding of amine and thiol subgroups (6) .
Furthermore, increasingly complex multifunctionalisation strategies have resulted in new terminology such as theranostics, where a particle is designed for both therapeutic and diagnostic purposes (7, 8) .
Physicochemical mode of action
In contrast to the low-atomic number species found predominantly in living systems, the presence of the high-Z species interacting with highly ionising radiation implies a new physicochemical mode of action. Due to the photoelectric effect, these high atomic number species can undergo inner-shell ionization -where one of the deeply bound electrons is removed -with high efficiency. The result is a highly unstable atomic system that stabilizes by emission of lower energy photons (fluorescence) and electrons (Auger emission). Several Auger emissions can occur effectively simultaneously from a single inner shell ionization in a process called an Auger cascade. The electrons produced by this Auger cascade typically have energies of a few keV or less and hence they have penetrations of typically 10 to 100 nm (9) . As a result, these electrons deposit their energy very locally. This highly localized deposition of energy is akin to that found in ion therapy and indeed the biological effect has been well described using the local effect model first developed to relate ion-induced radiation track structure to biological effect (10, 11) . This highly localized deposition of energy is one of the attractive features of nanoparticles clinically -if appropriately localized, they offer the promise of performance usually associated only with heavy ion facilities but using conventional clinical linacs. However, a full description of the mode of action following from the localized energy deposition brought about through the Auger cascade is still not available. For example, the energy dependence for DNA damage by gold nanoparticles in the photon energy range (20 -80 keV) shows an unexplained double maximum (12) . This is significant because this energy range is the range over which photoelectric interactions with gold nanoparticles (e.g. from shower particles) are most likely. This unexplained energy dependence in even such a simple system shows the difficulty in connecting this collective physical mode of action, via physicochemical processes to biological effects. The physical basis of radiosensitization and the resultant biological mechanisms have been reviewed elsewhere, for the specific case of gold nanoparticles (13) .
Silver Nanoparticles (Z=47)
Zhao et al (2012) developed a multifunctional magnetic iron/silver nanocomposite particle functionalised, with Cetuximab, a monoclonal antibody designed to target the epidermal growth factor receptor (EGFR) (14) . This is an attractive target as upregulation of EGFR is commonly observed in many cancers including nasopharyngeal carcinomas and is strongly associated with tumour metastasis, recurrence and poor overall survival (15, 16) . The Fe(3)O(4)/Ag-cetuximab nanoparticle evoked dose dependent cytotoxicity with an IC50 concentration of 350 ± 3.14 μg/L.
However, when used in combination with radiation at 30 μg/L (~10% of the IC50 concentration) significant radiosensitisation was achieved producing an impressive dose enhancement factor (DEF) of 2.26. In addition, to high Z radiosensitation caused by the Ag nanoparticles, additional functionality was conferred by the conjugation of Cetuximab resulting in the attenuation of EGFR by approximately 50% (14) . This reduction is particularly relevant as EGFR signalling through downstream pathways such as Ras-mitogen-activated protein kinase (MAPK), phosphatidyl inositol 3-kinase (PI3K)-Akt and Jak-STAT have been associated with solid tumour radio-resistance (17, 18 ). An earlier study investigating silver nanoparticles as sensitisers for the treatment of radioresistant glioblastoma tumors reported variable efficacy dependent upon nanoparticle size and concentration (19) . The extent of the sensitising capability was further enhanced using higher concentrations of the nanoparticles, while maximizing the surface area to volume ratio by opting for smaller sized particles. In this instance the authors propose that the mode of sensitisation is due to the release of Ag + cations, which subsequently capture free electrons generating an oxidative agent, which further reduced ATP production and increased the production of intercellular reactive oxygen species (ROS) (20) . In addition to enhancing the generation of potentially damaging radicals, Ag nanoparticles have also been shown to negatively regulate the activity of DNA dependent protein kinase (DNA-PK), a key enzyme involved in DNA damage repair via Non-homologous End Joining (NHEJ) (21) . This finding is particularly relevant, as the primary mode of radiation-induced cytotoxicity is the generation of potentially lethal double strand breaks (DSB), therefore novel therapeutics that augment the radiation induced damage profile while inhibiting the repair process have attracted much attention (22, 23) .
Gadolinium Nanoparticles (Z=64)
Other high Z materials such as Gadolinium (Gd) 
Gold nanoparticles (Z=79)
Undoubtedly gold has received the majority of attention in relation to its potential as a radiosensitiser. This is due to gold's presumed biocompatibility, supported by its historical use in the treatment of rheumatoid arthritis and its superior absorption of X-rays over soft tissue (13, 35) . Early work by Regulla et al (1998) One of the most clinically significant findings in relation to the development of GNPs as radiosensitisers was the evidence that sensitisation using MV X-rays was achievable. These finding appear to contradict the physical similarities between the mass energy absorption coefficients of gold and soft tissue using MV radiation sources. Despite this numerous groups have reported significant DEFs using clinical radiation sources delivering MV X-rays (5, (43) (44) (45) . The data presented by
Chithrani et al clearly demonstrate this effect. Although a maximum radiosensitising effect was found for cells irradiated with 105 kVp X-rays in the presence of 760 μg/mL GNPs, a DEF of 1.17 ± 0.02 was reported in combination with unmodified LINAC-generated 6 MV X-rays (43) . This result is in clear disagreement with a theoretically predicted value of 1.008, again highlighting the complex nature of nanoparticle-induced radiosensitisation and the need to consider the shower spectrum (11).
Pre-clinical evaluation
Recently increase in tumour burden. The authors of this study attribute the mechanism by which Au-T exerts its sensitising effects to Auger electron induced double strand break damage (DSB). The in vitro γ-H2AX foci formation data supports this conclusion indicating a 1.7 and 3.3 fold increase in DSB damage in cells pre-treated with Au-P and Au-T respectively (50) (Figure 3) . Perhaps the most interesting finding was the additional efficacy conferred by the addition of trastuzumab to the GNP.
A reasonable assumption would be that conjugation of the antibody would enhance systemic targeting ability, however, the Au-T nanoparticle preparation also appears to promote cellular uptake following direct application.
Increasingly complex nanoparticle formulations illustrate the potential which nanotechnology holds. The high relative biological effectiveness 
Conclusions
The sheer diversity and complexity of nanoparticle preparations that have There is little doubt that nanotechnology has a huge potential to significantly augment the therapeutic benefit of current treatment modalities such as chemo-and radiotherapy. However, without rigorous quality control to limit internal production variability and detailed systematic evaluations of efficacy, which currently appear to be lacking, the true potential of radiosensitising nanoparticles may not be realised for some time. .5Gd0.5}PO4 α-emitter. This is surrounded by four GdPO4 layers that retain radioactive decay products, and a gold shell, which increases biocompatibility and provides a surface for functionalisation. 
